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APPLICATION OF QUANTUM i/F NOISE THEORY TO Hgi-xCdxTe INFRARED

DETECTORS

Summary

The objective of this program was the application of quantum 1/f theory to

infrared detectors and suaestion of possible improvements.

Both Hg1_ .Cc ,Te n+o junnctions and MIS structures have been studied as

innfrared detectors on the basis of the Guantum i/f Noise appoach. The cuantum

1/f theory predicts both a proccrtionality of i/f noise to the reciprocal lifetime
/

of the carriers, and a peculiar analytical deoendence on the bias voltage. Both

relations have received excellent experimental verification with the help of A.

van der Ziel of the University of Minnesota and his group, and with the help of my

assistant Q. Pena. A high frequency impedance measurement method was

develooed for measurino the lifetime of the carriers accurately. A numerical code

was deveiooed for the calculation of noise, including quantum 1/f noise, in

infrared detector junctions. The cuantum i/f theory predicts higher I/f ncise in

the surface recombination current than in the bulk recombination current, due to

both the surface potential jumo and the current concentration effect. Previous

studies by Kleinoennina had included only an empirical mobility fluctuation effect

(Hosoce formula), ionorino the recombination soeed fluctuations which arise on

ecual fcotino with mobility fluctuations in the cuantum 1/f theory. Also the

,reer! function of the difZJsir ecuation was not included in the earlier

.leiren... model. -ur first orincicle quantum I/f calculation led to

suaoestions for noise reductions. First a seminar was held at NVEOL in six

c-nsecutive sE-ssions in- January 1:?6. Then several advisory consultations were

cerformed Xor the benefit of the DOD contractors who fabricate the detectors

(Roc'(well, SEEPC, TI). and the detector oerfcrmance was subseouently inoroved by

two orders cf maonitude alono the lines sugcested. However, we do not claim
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that the inprovements were caused by our contributions, although we may have

been of help in clarifying the physics of auantum i/f noise.

During the period of this project I have first developed a second -quantized

derivation of quantum 1/f \noie limiting myself to two particles in the final

state, and then I extended this derivation to the general case of N particles

present in the final state. I also have derived the quantum i/f cross

correlations and the corresoondino cross -correlation soectra, which are

imoortant for the calculation of ouantum I/f noise in kinetic coefficients such as

the mobility and the diffusion coefficient of the current carriers in solids. In

order to better explain the foundaticns of quantum i/f theory, I have given a

derivation of the quantum i/f Schroedinger fields from quantum electrodynamics

with the use of coherent states. Finally, I have given a direct derivation of the

quantum 1/f effect in time and space. In terms of applications, a quantum 1/f

noise study of MIS detectors was performed. Experimentally, with

the collaboration of the arouo of Frof. A. van der Ziel, an excellent experimental

verification of ouantum i/f theory was performed on semiconductor diodes,

transistors and vacuum tubes. and a review article on the results of the

experimental ac.lication and verification of my theory was published by A. van der

Ziel .n the Proceedinos o4 IEEE in March 1933.



APPLICATION OF QUANTUM 1/F NOISE THEORY TO Hg 1 -_Cd.Te INFRARED

DETECTORS

by

Peter H. Handel

Department of Physics, University of Missouri, St. Louis, MO 63121

I. INTRODUCTION

1.1 OVERVIEW

The oresent report will give a general description of the extensive work

performed on HQ!_ CdTe infrared detectors in the Scientific Service Proaram.

This work was done along two major directions:

I. Aoplication of the quantum i/f theory to n+: diode infrared detectors

produced by epitaxial growth or by ion imolantation, oresented in Sec. I. This

work was oerformed in cooperation with Prof. A. van der Ziel and his group.

2. Aplication to metal-insulator-se miconductor (MIS) infrared detector

structures, presented in Sec. IIt. This secti is dedicated to a detailed quantum

I/ noise stud, of an important t,,,ce of infrared detector, the metal - insulator -

semiccrt.uctor structure.

Se. IV. lists the publicaticns ccrresoording to this grant period.

At the III Conference on Q.uantum I/f Noise and i/f Noise in Minneapolis,

Aoril -2', '.:"3, Prof. C.M. Van Vliet also presented a quartum I/f noise

derivation in the Van Hove limit. At present our attention is focussed on

acpclicaticrs c- the newly calculated cross - spectra of quantum i/f noise to

H--,:,d,,Te in order to further imorove the accuracy of our quantum i/f noise

I -. =.. - rmm l l ~ I I m
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calculations in infrared detectors, and to find ways in which the noise can be

further reduced.

1.2 SIMPLE DERIVATION OF CONVENTIONAL QUANTUM I/f NOISE

The utilisation of infrared detectors at larger wavelenaths and in the starino

mode has made the limitations imposed by i/f noise on the performance of n+p

diodes and MIS structures more strinaent and conspicuous. On the other hand, the

development of the quantum I/f theory has provided us for the first time with a

possibility to predict, model and calculate from first principles the various I/f

noise contributions affecting the many currents and processes which are of

importance in the ooeration of infrared detectors.

The main purpose of our Scientific Service Program and of the present report

is to apply this new knowledge of i/f noise to n+p diodes and MIS structures

workina as infrared detectors. We start here with a brief aeneral description of

quantum I/f noise and continue in Sec. II with the inventor, of various I/f not'se

comoonents present in the current of V+P infrared detectors. In Sec.Il3we

analv,-e the quantum i/f noise associated with the currents and processes of Hissfiuctres

discussed in Sec. IiTIn Sec.fl!Ah we compare the 1/f noise components in magnitude

and determire their imoact on the performance of MIS detectors. Finall,, in Sec.

III.we discuss the resulting i/f noise limitations, and point out some possibilities

c4 reducing the ouantum i/f noise inL1SJleve. A s'milar d19Cuss Ion for n'p diodes

is a C' $ec /.

Q.uantum 1/f noise 1- 5 is a fundamental fluctuation of physical cross sections-

and cr'ocess rates, caused by the infrared - divergent coupling of current carriers

to low freouency photons and other infraquanta. The physical origin of quantum

1/f noise is easy to understand. Consider for example Coulomb scattering of

electrons on a center of force. The scattered electrons reaching a detector at a



given angle away from the direction of the incident beam are described by

DeBroolie waves of a frequency corresponding to their energy. However, some of

the elecrons have lost energy in the scattering process, due to the emission of

Bremsstrahlung. Therefore, part of the outgoing DeBroglie waves is shifted to

slightly lower frequencies and interferes with the main, non-Brermsstrahlung,

component, yielding beats. These beats present in the probability density along

the direction of the scattered beam will be noticed in the detector as low

freauency current fluctuations, and will be interpreted as fundamental cross

section fluctuations. Although the wave function of each carrier is split into a

Bremsstrahlung part and a non-Bremsstrahlung part, no quantum I/f noise can be

observed from a single carrier. A single carrier will only provide a pulse in the

detector. Many carriers are needed to oroduce the i/f noise effect, just as in the

case of electron diffraction patterns. While incoming carriers may have been

Poisson distributed, the scattered beam will exhibit super - Poissonian statistics

or bunching due to ouantum i/f noise. The ouantum i/f effect is thus a two -

oarticle effect, best described through the two - particle wave function and two -

particle ccrrelaticn function.

Let us estimate the maonitude of the auantum I/f effect by starting with the

cl-zssi _! (Larmor) formula q12/3c3 for the po,.wer radiated by a particle of charge

o and acceleration :. The acceleration can be approximated by a delta function

-(t) = vd(t) whose Fourier transzorm 4v ,s constant. The one - sided scectral

density of the emitted rremsstrahlung power 2q( )2 /3c 3 is therefore also

constant. The number 2o(Av)/3hfc 3 of emitted photons per unit frequency

interval is obtained by dividing with the energy hf of one photon. The probability

armrclitude )oc -ton emission Lo /23hfcI 2 is given by the square root of

this ohoton number spectrum, including also a phase factor. The beat term in the

probability density Ifl2is linear both in this Bremsstrahlung amplitude and in

-- II



the non - Bremsstrahlung amplitude. Its spectral density will therefore be given

by the product of the squared probability amplitude of photon emission with the

squared non - Bremsstrahlung amplitude which is independent of f. The resulting

spectral density of fractional probability density fluctuations is obtained by

dividina with I~and is therefore

Iyf'4 S (f) = Bq2 () 2 /3hfNc 3 = 2o-A/fN = j-2S M, (1.1)

pet -'2 (1.2
where 0( = 2e&/hc = 1/137 is the fine structure constant ando(A = 4q 2 (6v) 2 /3hc 3 is

/

known as the infrared exponent in quantum field theory, and is known as the

quantum 1/f noise coefficient, or Hoooe constant, in electrophysics.

The spectral density of current density fluctuations is obtained by multiplying

the probability density fluctuation spectrum with the squared velocity of the

outgoing particles. When we calculate the spectral density of fractional

fluctuations, the velocity simplifies and therefore Eq. (1.1) also gives the

fractional spectrum of current fluctuations Sj(f), as indicated above. The quantum

1/f noise contribution of each carrier is independent, and therefore the quantum

1/f noise from N carriers is N times larger; however, the current j will also be N

times laraer, and therefore in Ea. (1.1) a factor N was included in the denominator

for the case in which the cross section fluctuation is observed on N carriers

simultaneously.

The fundamental fluctuations of cross sections and process rates are

reflected in various kinetic coefficients, such as the mobility/, and the diffusion

constant D, the surface and bulk recombination speeds s and recombination times

Z. the rate of tunneling it and the thermal diffusivity. Therefore, the spectral

density of fractional fluctuations in all these coefficients is given also by Ea.

(Q). This is true in spite of the fact that each carrier will undergo many

consecutive scattering processes in the diffusion process. The quantum i/f noise



in the mobility and in the diffusion coefficient is practically the same as the

quantum i/f noise in a single representative scattering event which limits the

mc.,ity or the diffusion coefficient.

Due to the rapid relaxation of concentration fluctuations, the quantum 1/f

fluctuations of scattering cross sections will only be reflected by the

fluctuations of the mobility and the diffusion constant of the carriers, and not by

fluctuations in the concentration of carriers.

For large devices the concept of coherent state quantum i/f noise was

introducedl I, 12. In this case the Hooge parameter

oCH may be written

H = ((H)coh '/ = 4.6 IO - 3  (1.2)

whereo( = i/(137) is the fine structure constant. This is of the same order of

magnitude as the empirical value o(H = 2 10- 3 that Hooge found for long devices.

It is therefore proposed that Hooge's emprical value foro'H is due to coherent

state quantum i/f noise, so that it has a very fundamental origin.

For small devices (e.g., of size L K O/ m) we apply conventional, or

incoherenti.2 , quantum 1/f noise which is just the cross section fluctuation

intr:oduced above in Eq. (1.1). In that case tH may be written

= (:H)incoh = (0/3r%) (a'-/(c-) (1.3)

where .V is the change in the velocity of the carriers in the interaction process

considered. This expression holds for any I/f noise source describable by

fluctuatino cross sections. Since usually (avl/c2) << I, except for carriers with a

very small effective mass, we now have H * 3.1 10- 3 . This may explain the low

values ofO(H (in the range of H= 1o - 5 - 0 - 9 ) for very small devices. In

4



between one can introduce a parameter s = f(L/L o) where L. is a characteristic

size and write12 .

OKH = (OH)incoh /(1 + s) 4 ( H)coh S/(' + s), (1.4)

with sK< I for L/L o /< I and s >0 1 for L/L 0 > I. According to this rough
/

aporoximation 1 2 , Lo  100pm for samoles with a concentration c of carriers of

1015cm- and varies proportional to c- 1 / 2 . This describes the transition from

Ea. (1.2) to Eq. (1.3) when one goes to devices with smaller and smaller sizes, as

we shall see below in Eq. (3.21). A suggestion for the calculation of s was

presented by the author at the Rome 19:5 Conf. on Noise in Physical Systems and

I/f Noise: s = 2e 2 N'/m c2 = N'/2 101', where N' is the number of carriers per

unit lenoth of the sample or device in the direction of current flow.

When we apply Eq. (.1) to a certain device we first need to find out which are

the cross sections which limit the current. and then we have to determine both

the velocity chance, v/of the scattered carriers and the number N of carriers

simultaneously used to test each of these cross sections.

I l w i mm w
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II. n+ p DIODE INFRARED DETECTORS

11.i. QUANTUM t/f NOISE SOURCES APPLICABLE. TO n + p DIODES

The various quantum 1/f noise sources oresent in n+p dicdes which we will

consider here, have in common that they can be described by Eq. (1.3) with a -5

value described by an effective enero'y E = qVo, where V0 is an effective

potential which accelerates the carriers

/
= 2E/mc. = 2qVo/m~c2 . (2.1)

In various quantum 1/f noise sources the applicable velocity change &V

determines the Hooge constant:

(a) Recombination o,-antum i/f noise in the bulk space charge reoion6:

Sim) = OHQI~rj [tanh(qV/2!kTj)/ftno + rco; (2.2)

H 4 co (/ 3 7P.[q(Vd if -V) + VkTj 0:* 1/c m*i2 6

4here cr = qAWni( eOVl2T - +T is the recombination current,T-no andp
- 1 - o Po

the Shccvlev-Hall-Read lifetimes, V the applied voltage and Vdif the diffusion

ootential of the Junction. Introducino an "effective carrier number" Neff =

Irl Etanh(qV/kT), Ea. (2.2) may be written in the form

(2. 2a)Sf =Hlar /fef f . ('.a

(b) Quantum I/f noise in the surface recombination current of n -o diodes.

This effect is caused by ouantum 1/f fluctuations of the surface recombination

crcss sections. The calculation is similar to the previous (bulk) case. but the GR

orocess is localLzed at the surface, and the additional electric field arisino from

the ootential jump 2U at the interface between the bulk and the oxide and

I



-/3-

passivation layers will lead to increased velocity changes of the carriers in the

recombination process and to larger MH values. Including also the quantum i/f

mobility fluctuation noise of the spreading resistance caused by the

concentration of generation and recombination currents at the intersection of the

depletion region with the surface of the diode, we obtain a current noise

contribution

SIM) = CVHqfIrf tanh(qV/2kwrJ /f(,;o + po )

/

+ A(Iar)2 / mnfP fLn(A/tg)] 2 , (2.3)

cxH= (40/310. q(Vdijf+U-)+3kT]J~rrh*)1 /2- + (m p*)1/?J72c- 2 (2.3a)

Here the primed quantities refer to the surface# i.e. we have introduced the

surface GR current Igr, the lifetimes in the vicinity of the surface and thecK' H

parameter for surface recombination. P is the perimeter, A the area and W the

width of the junction. The quantum i/f mobility fluctuation part is expressed in

terms of the global A, carameter which includes all types of scattering weighed

with the appropriate mobility ratio factors. Introducing again an "effective

carrier number" Weff +I p ('n o+ V po)/ q [tanh(qV/2kTJ , the first term of Eq.

(2.3) ma- also be written in the form:

(f = "( 'or) 2 /fM'eff. (2.4)

Due both to the surface potential jumo 2U and the i/f noise of the spreadino

resistance, the surface recombination current will be noisier than an equal bulk

recombination current, and this is in agreement with the e-perimental data i 02 .

(c) Injection - ex traction auantum I /f noise 6 , due to injection or ex traction of

carriers across barriers. In this case, for not too small currents

I I I(nig /



where I is the injected current, and T is the time of passage of a carrier through

the barrier region. Introducing again an effective carrier number Neff = IT/q, Eq.

(2.5) may be written in a more ceneral form, valid also for very small I

SI(f) = (HniI 2 -'fNeff. (2.5a)

Note that in each case Nefp as lon3 as it is larger than i, is oroportional to I

(otherwise Neff,= 1, see below), and that,(H depends on bias.

(d) Recombination in the p reaion of a lono n+-p diode of length W >> (Dn'tn l/2

yields, as shown in Sec. IK.31 Egs.43, I5 - 17.) on f? 30-31p

SI(+) =Hnr IIlqF(a)/frn = OHnrI/fNeff; (2.6)

Neff IIIr/qF (a), 01Hnr = (4 of/ 3 7) t3 kT/rh*c21 C 2.6a)

Here F(a) is civen by Eq. 3. I1)of See.ll.3 p,30 elow

F(a) = 1/3 - f/2a + I/a2 - (i/a 3 )!n(I+a)p (2.7)

where

a = e*p(eV,1kT) - 1. (2.0)

in, this case qH is very small. Therefore this contribution will often be mas (ed by

mobility fluctuation i/f noise.

(e- 2ecotrbination quantum 1/f noise at the p - region contact. The carriers

lose an averaoe energy 3VT/2 in the conduction band in the recombination process.

oain an energy of the order of eEQ due to eneray differences of the order of the

band gao E. acceleratina the carriers at the contact surface, and oain an averaoe

enerov 3kT/2 in the valence band, so that

I



Hnc = (49(13 TI) [ CqE + 3kT)/mn c'J. (2.9)

This effect will be important in short diodes (Wp L), where the recombination

speed at the contact patially determines the current through the device.

(f) Q.uantum i/f noise in the tunneling rate. Tunneling is observed in n+-p

d'oodes with sufficient gate bias 2, if we assume that the momentum change of

the carriers in the tunneling process is of the order of the thermal r.m.s.

momentum, we obtain a minimal quantum i/f noise power spectrum

.if =HI2 /fNeff; Neff = Il/q, (2.10)

(4/3?) .31kT/mnhc , (2.11)

where "z is the time of passage through the barrier, or tunneling, i.e. the time

during which each carrie. contributes to the current through the barrier. Since

the width of the barrier crossed by tunneling is small, this time is very short, of

the order of 10-14s. Neff will then become larger than I at currents exceeding

10- 5 A, leading to a linear current deoendence of the noise power. At lower bias

Nef f must be set equal to unit' in Eo. (2.10). and this gives a quadratic current

deoendence. On the other hand, at large apolied voltages, or for tunneling out of

a metal, L T has to be replaced by a larger energy in the e:<pression of O(H .

(g) Mobilit/ fluctuation 11f noise in a long n+-p diode. Although characterized

mainl, b/ a well defined momentum transier of the carriers rather than by an

effective energy, and although we have discussed it already above, this important

process is listed here again. As shown in ee,.i.3 7 f^,this contribution can be

written in the form

SlM = °(HII)qF(a)/frn= o HI2/1eff; rNeff I IJ/qF(a), (2.12)

where V(H is given by

!



H (0/317)Lh/m*ac32exp(-,/2T) + (4v4/a7 )f6kT/m ('2.13)

for small devices, and is usually larger than in the case (d), particularly if the

effective mass of the carriers is small. Here 19 is the Debye temperature, a the

lattice constant, and T the temperature. The first term in Eq. (2.13) is from

umrklaop and inter - valley lattice scattering, while the second describes normal

scattering processes. The function F(a) is again given by Eq. (2.7). In general

this contribution includes umklapp scattering, intervalley scattering, normal (non

- Umklapp) phonon scattering, impurity scattering, and optical phonon scattering

contributions in the quantum I/f mobility fluctuation Hooge parameter X. For
//

large samples or devices, Eq. (1.2) is applicable. Eq. (1.4) is a suggestion for the

transition region.

11.2 DISCUSSION AND PECOMMENDATIONS

The auantum I/f noise formulae presented above have been applied by Radford

and Jones. to 1/f noise in GR, diffusion and tunneling currents in both double

eoita'ial laver and ion imolanted n+-p HaCdTe diodes. They obtained gocd

acreement with the experi mental Cata in general, but were a factor 20 below the

measured values at positive cate bias, when an inversion layer formed at the

surface. This discrecancy may be due both to the presence at positive gate bias

of a noisy surface GR contribution (Eas. 2.3-2.4), and to kinetic enercies of the

tunneling carriers above the thermal level in the vicinity of the inversion layer.

Another previously unexplained fact noted was the difference in the fractional

noise level of surface and bulk recombination currents. This is caused in Ecs.

(2.2-2.4) both by the surface Potential ump 2U of the order of I Volt oresent at

the interface between the bulk and the oxide and passivation layers. and by the

quantum 1/f mobility fluctuation noise in the spreading resistance which affects

the passage of carriers to and from the oerimeter of the junction. Furthermore.

MENN
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the higher noise level of ZnS - passivated diodes may be caused by a larger

surface recombination speed associated with these coatings compared to SiO,

passivations, and by a larger effective value of U. The larger surface

recombination speed pulls more of the recombination current from the bulk to the

surface where it has higher fractional noise. The larger potential jump U

increases the applicable Hooae parameter according to Eq. (2.3). Finally, the

larger fractional i/f noise levels of ion implanted junctions is mainly caused by

the 1-2 orders of magnitude lower carrier lifetimes in Eqs. (2.2-2.13), which yield

1-2 orders of magnitude smaller Neff values and larger fractional noise power

values by the same factor.

In order to reduce the fractional noise level, the theory suggests the use of a

surface passivation which lowers the surface recombination speed and the surface

potential jump. The ideal "surface" would be a gradual increase of the gap width

startina from the bulk through comoositional changes leading to a completely

insulating stable surface outwards, without the generation of surface

recombination centers. In addition, the life time of the carriers should be kept

hiah, and abrupt or pinched reoicns in the junction should be avoided. The

reasonable choice of other junction oarameters, includino the steepness of the

junction and the geometry should yield lower injection - extraction and bulk

resornbination noises by emphasizing the presence of the larger ho!e masses in

the denominators of the above e.oressions. Finally, coherent state i/f noise

should be avoided by all means by optimizing the dimensions.
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III. APPLICATION OF THE QUANTUM THEORY OF 1/f NOISE TO MIS

INFRARED DETECTOR STRUCTURES

I1.1 INTRODUCTION

The quantum I/f noise theory is applied to the calculation of I/f noise in the

various dark( current components which limit the performance of MIS Infrared

detectors. The diffusion current transports minority carriers from the bulI to

the surface inversion layer and is affected by coherent states quantum i/f noise

in the mobility, as long as the device is larger than approximately 10)mAm 2 in area.

For smaller devices we expect the smaller conventional quantum i/f noise of the

scattering cross sections to be expressed in the mobility and diffusion

fluctuations. Quantum I/f recombination speed fluctuations appear as

fluctuations in the thermally generated current of minority carriers both at the

surface and in the depletion region, which are majority carriers in the inversion

layer. The rate of tunneling also presents quantum 1/f fluctuations which are

calculated both for band to band tunnelino and 4or tunneling via bandoap states.

with the help of the same fundamental Quantum I/f formula used for the diffusion

and recombination currents. Conventional quantum i/f contributions are smaller

for. hole- than for electrons, because they are inversely proporticnal to the

effective mass.



111.2 CURRENTS IN MIS DETECTOR STRUCTURES

MI'- detectors9 are different from ohotovoltaic detectors, because they do not

contain a pn junction obtained by inhomogeneous doping, and use an insulated

field plate, or gate, placed on top of a homogeneously doped narrow - bandgap

semiconductor. The gate is used to control the surface potential, driving the

semiconductor surface into deep inversion. The field of the induced quasi - pn

junction obtained under the surface of the gate in the homogeneous semiconductor

material is used to separate the carriers generated by photo electrically induced

band to band transitions just as in a photovoltaic device. The MIS infrared

detector is therefore similar to a capacitively coupled photovoltaic detector,

without the inconvenience of inhomogeneous doping processes.

MIS detectors are operated in the pulsed regime by applying the gate potential

which creates the inversion under the surface for a finite time only, and by

applying subsequently a potential which flattens the energy bands near the

surface and releases the carriers which had accumulated from photo electric

effect and darV current processes during the preceeding interval. The electrical

sional obtained when the carriers are released, i.e., durino readout, is

proportional to the number of carriers accumulated, and therefore to the total

current supplying the inverted volume under the surface with minority carriers

from the bulk and from various thermal and photo electric processes in the

depletion, inversion and surface regions. This electrical signal is used in order

to determine the flux of infrared radiation. For this determination, however, the

dar, current contribution needs to be subtracted first.

The dark current is the current supplying the potential well, defined by the

inversion region under the surface, with minority carriers in the absence of the

applied infrared flux<. Any low - freouency fluctuation in the dark current will be
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interpreted as a fluctuation in the major infrared flux signal. Therefore

fluctuations of the dark current at frequencies below the readout frequency will

limit the performance of infrared detectors. In the pulsed mode of operation

considered here, the dark current is monitored only during the inverted phase,

when carriers are accumulated in the potential well. Therefore the cross sections

and process rates which control the intensity of the dark current are not observed

continuously either. Nevertheless, the ouantum i/f fluctuations of these cross

sections and process rates will be the same as if we would have observed them

continuously. Indeed, the changes in the incoming flux of electrons testing all

cross sections and process rates in the semiconductor is only slightly affected by

the applied gate voltages, and is present also in thermal equilibrium. This

independence of I/f noise on the continuous or discontinuous character of any

applied bias has been experimentally verified 1 6 during the last 2 decades, and

has been found to be in aoree~nent with the interpretation of I/f noise in terms

of fundamental resistance fluctuations. Although the experimental verification

was oerformed on fluctuations in conduction only, from the concept of quantum

1/f noise we know that the similarity cf Quantum 1/f noise in the continuous and

pulsed regimes should be also true for quantum 1/f fluctuations in recombination

cross =ections and tunnelina rates.

The dark current has to be subtracted from the total current in a (HgCd)Te MIS

device to yield the photocurrent. Therefore, the minority - carrier dark current is

the sinole most important parameter 4or the operation of IS devices as

detectors infrared radiation9 . This aoplies both to operation of 14IS devices in

the thermal equilibrium mode, in which the darkt current determines the MIS diode

imoedance, and to ocneraticn in the dynamic, or intearatina mode. in which the oate

voltage is pulsed, and in which the minority - carrier dark current determines the

storace time of the device. The main component of the dark current in narrow
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bandgap HgCdTe is the tunneling current via bandgap states9 , which can also be

considered as an electric breakdown effect. In aeneral, the tunneling current

occurs both through band to band transitions and through intermediary states.

The band to band tunnelina current through a simple triangular barrier is

Jtb "-" (q3E+S/43h2)(2m*/Eg,) / 2 ePL4m(2mr)E g 2/3qhEJ, (2.1)

where E is the electric field associated with the barrier, and E is the bandgap.

The electric field can be appro'imated b, the electric field at the semiconductor

surface

= (dqnAt(2.2)

where 0,represents the empty well surface potential, and no is the doping

concentration. Substitutina this value into Eq. (2), with m */m = 7- 10-Eg we

obtain'

Jtb = "1o.ncr ~/epl- 4.3 1Oi 0 E, 2 /(n.,t)1/ 2 J A/cm', (2.3)

where r, is in cm - 3 and EgP in volts. Therefore the tunneling current is

stroncly dependent on the bandaap and also depends on the doping concentration

and the surface potential.

;eri..ental values of the tunnelino current are usually larger than Ea. (2.3)

because o+he additional effect of tunnelino via bandcao states. This ef4;ect is

Particularly irn ortant in n - type devices 1 0 . Indeed. in n - type devices the

applied gate voltage is negative in order to produce depletion at the surface. The

energy bands are therefore curved upwards at the surface, and transitions of

electrons from the valence band to Shockley - Read (SR) states at the middle of

the bandcap, as well as the subsequent transitions from these states to the

conduction band are facilitated by the presence of many defects right at the



surface of the semiconductor. In p - type devices the similar indirect tunneling

processes occur father away from the surface, because in this case the bands are

curved downwards at the surface, and transitions of electrons from the valence

band to the centers at the middle of the bandgap, as well as the transitions from

the centers to the conduction band well at the surface, occur right where the

curvature begins, i.e., further away from the surface. We conclude that in p -

type devices there will be fewer SR centers active in indirect tunneling, and

therefore the tunneling current Jc via SR centers at a given teperature and a

given applied gate voltage will be smaller. The tunneling current will be further

reduced in p - type devices due to the lower density of states present in the

surface potential well due to quantization of the motion of the electrons in the

potential well at the surface. The reduced values of the dark current in p - type

devices correspond to higher values of the break(down field in these devices. The

best measured value1 0 of the b'eakdown field in I0 m cutoff p - type devices is

in e.ess of 1.0 V/ m, whereas that for n - type material of similar bulk defect

cuality is 0.5 V / m. On the other hand, the minority carriers diffusion current is

iaroer in p - type devices due to the smaller mass and higher diffusion constant

:.- electrons compared to holes. 7Te advantage of p - type devices is therefore

ccasiderable onl-y in the case of very narrow bandgap and very long cutoff

, -,elec ths. We shall therefore csnsider both the case of p - type and n - type

:evces. The laroe diffusion current present in p - type devices corresponds to

+t:e larce value of the diffusion length of electrons and can be reduced by thinning

the device, i.e., by reducing its thickness well below the diffusion length.

'r, aeneral the dark current Jd can be written in the form

-d "4ilf JdepJ . ..cJtc t .J U



The eiaht terms on the right hand side correspond to minority carrier diffusion

from the bulk, generation 4rom SP centers in the depletion region, generation

from SP centers at the surface, band to band tunneling, tunneling via SR centers,

tunneling via surface centers, recombination on the back surface and photoelectric

generation by the thermal radiation background flux '. We shall give the

formulae 1 0 which determine these terms below, also including an example of their

calculation in a p - type device

Jdif " (qni 2 /p)[k/T /2 =(I., 10- 1 9 C.,6-0 2 4 cm-6/o5cm-3) [O.OV

1.5 i05(cm 2 6Vs]106s142 =2 l0 4 A/cm', (2.5)

:depl = qniW/2%= (1.6 107 19 C 6 01 2cm- 3 2 10- 4 cm /(2 osJ]

i0- 4 A/cm2  (2.6)

Js= Jb = qnis/2 = A(Q.6 10719C A 1 0 2 cm 20cm/sti 1.8 10-SA/cm2 , (2.7)

J = i0 13(Nrt/Eg) exp C-5.3 10E,"/El = 10-13(4 i01 2 cm- 3 0.2V/0.062V)

e'xpC-5.3 iC 0.062V)2/3000V/cnj = '"i0 4 A/cm2, (2.')

ard J% was civen b Eq. (2.3), yieldirg i0-A/cm2 . Here ni = 6 1012cm - is the

intrinsic carrier concentration, and the concentration of holes was taken to be p.

jo15c-3. . 05m
t 5cm - . The mobility I/= .0 1 5 cm/Wsas well as the life time Ir = 10-6s

of the minority carriers have to be replaced b and T for the case of n - type

devices. The surface recombination speed was denoted by s = 40cm/s, and the

concentration of intermediary states effective for tunneling was denoted by Nr :

4'012cm - 3. The bandgap considered waS Eg = 0.065eV, the surface potential 4

0.2'V ed the electric field below the surface E = 3000V/cm. All numerical values

have been included only as an e" ample and are not characteristic of a particular

cevice. The numerical factors in Eq. (2.S) correspond to p - type HgCdTe with a

20/4 rn cutoff wavelenoth and were taken from the paper of Kinch and Eeck 1 0 . For
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n - type devices we also need to include tunneling via surface states. If the

density of fast surface states is denoted by Nfs = 1012 cm-2V-l, the current

generated from tunneling via a uniform density of fast surface states across the

bandqap will be given by 9

Jtsc = -q pINfskT/2q = 1.75 i0 - 4 A/cm2 . (2.9)

The sum of the first seven currents on the right hand side of Eq. (2.4) must be

smaller than the eighth which corresponds to the thermal radiation background

flux, for background limited (BLIP) operation. Although not all terms in the dark

current are of importance, we still retain them at this point, because their

quantum I/ noise may be quite significant, even if the corresponding current is

neglijible. We shall now proceed with the calculation of quantum i/f noise

contributions from all these currents.

j
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111.3 GUANTUM I/f NOISE SOURCES

1. 1/f Noise in the Diffusion Current

The diffusion limited dark current Jdiff will exhibit i/f noise due to

conventional quantum I /f fluctuations in the scattering cross sections of the

carriers due to phonons and impurities. W4e apply the fundamental formula given

by Eq. (1.1) for an individual scattering process in which the velocity change Avis

given by the thermal energy of the carriers, with the assumption that the

collisions are perfectly randomizing collisions. If the velocity v is rotated by an

angle 0 in an elastic collision, the velocity change islall= 2v sin(&/2). Averaging

over all angles and velocities, we obtain

v = 4v2 sin2 /2)= 2v', (3.1)

and therefore from Eq. (.1) we get in thermal equilibrium at the temperature T

the 1/f noise coefficient

OtH = (4c/3i1(6KT/m*c 2 ), (3.2)

where we have assumed a Maxwell distribution of velocities. For Hgi-.Cd.Te

with x = 0.2 we have mn* = 0.008mo and for x = 0.3 we have mn* = 0.02mo .

Therefore we obtain0 L 8 = 2 jo- 7 in the first case anddH = 7.5 i0 - 8 in the second

case.

For the case of Umklapp scattering, which occurs in semiconductors only to a

limited extent due to the relatively small number of high momentum phonons

available at the temperature T, the momentum change of the electron is given by

the smallest reciprocal lattice vector, and thereforeA v = h/am* . We therefore

obtain the quantum i/f noise coefficient

- H = (4$/37D(h/m*ac) 2 , (3.3)



which is much larger than Eq. (3.2), but has to be multiplied with a negative

exponential which describes the scarcity of phonons with momentum of the order

of a reciprocal lattice vector. The negative exponential e - O/ T could be included

in the current weight factor which will be defined below in Eq. (O3, but we prefer

to include it here already]. Combining Eqs. (3.2) and (3.3), we obtain for

conventional i/f noise in the mobility and diffusion coefficients

aH = (4u/3r)[(6kT/m c2 ) + (h/m'ac)2 exp(-O/T)], (3.4)

where 6 is about half the Debye temperature for simple metals, but may be

higher, of the order of the Debye temperature, for semiconductors.

The quantum i/f noise considered so far is Known as conventional quantum 1/f

noise, i.nd affects cross sections and process rates. In sufficiently large

semiconductors samples we expect a larger form of quantum i/f noise, described

in Appendix A and nown as coherent state quantum 1/f noise. For this type the

i/f noise coefficient is given by

0Ccoh = 2- A'it = 4.6 jo- 3 . (3.5)

The values of the quantum i/f noise coefficient given by Eqs. (3.1) - (3.5) can

be used to calculate the quantum i/f noise which affects the various currents

listed in Eq. (2.4). We first consider the case of the dark diffusion current of

electrons from the bulk through the surface barrier in a p -type MIS device,

similar to diffusion in a n+p junction, because in both cases the current is

determined by the diffusion of electrons which are minority carriers, against the

built - in field of a Boltzmann potential barrier into the surface well, and by the

thermal generation of carriers there. We start with the derivation of the

mobility fluctuation part of quantum 1/f noise in a n+-p diode. For the MIS

barrier, just as for a diffusion limitted n+-p junction, the current is controlled by



diffusion of electrons into the p - region over a distance of the order of the

diffusion length L = (Dn 'n)ll2 which is usually shorter than the length wp of the

p - region. If N(x) is the number of electrons per unit length and Dn their

diffusion constant, the electron current at - is

Ind = - eDndN/dx, (3.6)

where we have assumed a planar juncticn and taken the origin x = 0 in the junction

plane. Diffusion constant fluctuations, given by KT/e times the mobility

fluctuations, will lead to local current fluctuations in the intervals x

cInd(xtt) = IndJDn(xt)/Dn ,  (3.7)

The normalized weight with which these local fluctuations representative of the

intervalA x contribute to the total current Id through the diode at x = 0 is

determined by the appropriate Green function and can be shown to be

(2ix/L)exp(-x/L) for wp/L >> 1. Therefore the contribution of the sectionrx is

Jeald(x ,t) = (Ax/L)exp(-x/L)IndorDn(X ,t)/Dn,  (3.8)

with the spectral density

SAId(xf) = (Ax/L)2 exp(-2x/L) Ind2 SDn(x,f)/Dn2 .  13,9)

For mobility and diffusion fluctuations the fractional spectral density is given by

o/Hnd/fNx* whereotHnd is determined from quantum I/f theory according to Eqs.

(3.1) -(3.5). With Eq. (3.6) we obtain then

SAId(>,f) = (x/L 2 ) exp(-2x/L) (eDndN/d2), Hnd/fN. (3.10)

The electrons are distributed according to the solution of the diffusion equation,

i.e.
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N(x) = [(0) -Np3 exp(-x/L) +N dN/dx -([N(O) -N p/L exp(-x/L). (3.11)

Substituting into Eq. (3.0) and simply summing over the uncorrelated

contributions of all intervals Ax, we obtain

Sidf) = Hnd(eDn/L2)2f[N'(} - N p] 2 e-4x/Ldx /(lN(0) - Np 3e-x/L +Ny. (3.12)

We note that (eDn/L 2 )2 = (e/t n)2 . With the expression of the saturation current

10 = e(Dn/rn)i1 2 Np and of the current I = 10[exp(eV/kr) - 13 we can carry out the

integration

Sid(f) = ccHnd(eI/f'rn)fa2u3du /(au + 1)
e

= CKHnd(eI/f1n) [F(a) -F(a e-w/L}] _KHnd(ei/fcn)aW*[(a + )L], (3.] 3)

the last form being for wp << L. Here we have introduced the notations

u = exp(-x/L), a = exp(eV/T) - I,

F(a) = /3 - 1/2a + 1/a 2 - (1/a 3 )ln(i+a). (3.14)

For wp >> L we have F(o) = 0, and the second term in rectangular brackets drops

out in Eq. (3.13).

Eq. (3.13) only contains the fluctuations in the mobility and the diffusion

constant. In a similar way we calculate the quantum I /f fluctuations of the

recombination rate in the bulk of the p - region. We have for the recombination

current AIR(:) in a section Ax, if N'(x) is the excess carrier density,

A IR() = eN'(x)AX/rn. (3.5)

Putting Cn = i/P'n and bearing in mind that Tn , and hence Cn , fluctuates, we have

for the section Ax,

J'l1lx, t) = tIR(X)[JCn/Cn] with
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Scn(x f)/Cn2 n- hnr/N (3.16)

so that, since N(x) = AN/Ax,

S'i1WX, i) =AIR 2(x)DHnrifAN]

=o4 L Ce EnN'(×)1 /ftn 1. (3.17)

where N(x) = [N(0) - J ,Jexp(-x-/L) and N(x) = N'(x) + Np as before.

It is easily shown that the fluctuating current JAI(x, t) at the junction is

I (>" t) =Jb IR( R t)exp(-x/L) (3.13)

so

Si(f) =0Hnr(e2 NpL/f2'n 2) S {[M'(v)] 2 /NpN(x))exp(-2x/L)d(x/L) =

ot Hnr(elo/f~n) f [a2u3/(au + i)]du =dHinrEeI/fT'nJEF(a) - F(ae-w/L)] (3.19)

where F(a), a, and u have the same meaning as before.

We can use the similarity of the quantum I/f noise results for diffusion

current fluctuations caused by mobility fluctuations and by recombination speed

fluctuations in order to combine both into a single formula

SI(f) =(t Hd +d-Hnr)[eI/fVn ] EF(a) - F(ae-w/L)]. (3.20)

In the limit of very short devices (wp << L) the last factor becomes aw/E(a + DL3,

and in the limit of long MIS devices (w >> L) it simply becomes F(a). In addition
p

we have a current noise contribution SJb from the quantum 1/f fluctuation of the

recombination speed s on the back surface.

Sc far we have considered only conventional quantum I/f noise which is

applicable to sufficiently small devices. In general, however, we must

interpolate between conventional and coherent quantum /f noise, according to

the relat:on

0H= +ll(* sJ3E2 A/f] + Es/l + s)JC /RfJ, (3.21)
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where s =Em /E = 2e 2 N'I/m*c 2 , and N' = nS is the number of the carriers per unit

length of the device. s represents the ratio between the magnetic energy per unit

length and the kinetic energy per unit length of the device. The quantity e2 /m*c 2

= rom/m* can be calculated in terms of the classical radius of the electron r o =

2..4 10- 13 cm. Then we obtain s = 2 roN'm/m*, i.e., the parameter s represents

twice the number of carriers present in a length of the device equal to the

classical radius of the electron. W4e must compare s with A A, and if s <01 A we

apply conventional quantum i/f noise, whereas for s >>/-t A we have to apply

coherent quantum i/f noise. In general the approximate formula of Eq. (3.21)

must be used for the transition region.

The dimensionless parameter s is easy to calculate in any practical case. For

instance in the case of a MIS device of area 50/tm x 50/am with a concentration of

carriers of ,016 cm- 3 we obtain N' = 2.5 101 1 /cm, and with m/m* = 50 we obtain s

= 7. On the other hand, we can estimate A for conventional quantum t/f noise and

we will certainly find A << I, because the velocity change of the carriers must be

much smaller than the speed of light. Therefore, in this case we must apply

coherent quantum i/f noise, because s > lTA. Consequently, in Eq. (3.20) we must

set

Hd Hnr =°Lcoh 46 10- 3  (3.22)

The coherent state quantum i/f noise coefficient thus replaces the total

conventional Hooge parameter.

2. 1/f Noise of the Recombination Current Generated in the Depletion Region

The quantum I/f noise of the recombination current thermally generated in the

depletion region arises from quantum I/f fluctuations of the bulk recombination
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rates in the depletion region. The difference between the recombination rate R

and the generation G is given by

R G [on -nil/[(n + ni)rpo + (P + pl)rno] (3.23)

where n, and pj are electron and hole densities when the Fermi level lies at the

trap level. If the trap level lies at the intrinsic level, n, = P, = ni. Moreover,

Vpo and Tno are time constants for electrons and holes. If A ii the cross -

sectional area of the junction, the current is

I = e(R - G)A dx = e fpn - n il/C(n + ni) Ipo + (p + ni)lnoJA d>x (3.24)
0

where w is the width of the space - charge region and the trap level is assumed

to lie at the intrinstic level.

We now turn to the g - r noise. The time constants Tpo and 7 no fluctuate in a

I/f fashion and this produces the quantum I/f contribution to g - r noise. We now

write

-no I /Cn

Spo= i/Cp (3.25)

where Cn and C are the generation (or combination) rates for a single electron

and for a single hole, respectively. Consequently

t no/zno = -(S Cn/C n )

8 t-polz, po = -(SCpl/C p (3.26)

We now apply this knowledge to Eq. (3.23) and observe that

(eR - G) = IR(x) - G(x)]

({*n +ni)Z'o(SCp/C)] + pi (A /Cn)31/1(n +n.)*r + (p +nilTno. (3.27)
P P (p n n ( 27)



so that with

I = e f JE(x) - G(x)3Adx, (3.28)
0

the noise is

41 U,

Si(f) = e2f/ [R(x) - G(;U)3A[(R(x') - G(x')]A
tnn,2r 2S2 ni)2Z.no2S)nlX, x-, fl/Cn2r

{C(n niZ'rpo no SCplX, x', f)/Cp + (p +

/I[(n + nir p. + (p + ni)i-no 32)-d vd x ' ,  (3.29)

since B Cp and 3 Cn are independent.

We now observe that

pn - n2 i = n2iexp(eV/2k") - 1][e>,p(eV/2kl") + 13 (3.30)

and that the integrand in Eq. (3.29) has an apprecAable value only if p,: n n i

exp(eV/2kT). By substituting n + n i = p + ni = ni[exp(eV/2WI) + i3 we define an

effective width weff such that

eA J Ipn - n2 i)dx]/C(n + n)'po- + (p + ni)ZnoJ

= eA((pn - n2 i)/niEexp(eV/2"r) + 3)]EWeff/VZpo +Znol] (3.31D

We may thus write

I = Ig r = eAWef.fniexp'eV/21 7) - 13/("po +Zno)

= eNeff/(Zpo +V nol3tanh eV/2kT (3.32)

where Neff 2 Aweffnilexp(eV/2kT) + 13 is the effective number of hole - electron

pairs taking part in the conduction and noise processes. This equation is exact

but not very useful since it contains the unknown parameter Weff.

We now turn to Eq. (3.29) and observe that
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ScP(x, x', f)/C 2p = {bHp/f)/[R(x') + G(x')]( po + Zno)A})f(x' - x) (3.33)

and

SCn(Xt X', f)/C 2 n = {(UHn/f)/R(x') + G(x')('po +Z'no)A)S(x' - x) (3.34)

The factor T no +Z7 P.) enters in because ScP(x, x', f)/C 2 p and SCn(XP x', f)/C 2 n

must be independent of rpo and * no if pmtW i exp(eV/2k). This yields# if we

integrate over the 8 function

S1(f) = e&5 ([R(x) - G(x)3 2 A/(TZp +Tno)[R(x) + G(x)])0

[(tn + ni)2 VpoL Hp/f + (p + ni)2Zfno'" Hn/f]/[(n + ni) rpo + (p + ni)znoJ 2 ]dx (3.35)

We now observe that the second factor in Eq. (3.35) is practically a constant

as long as p and n are comparable. We may thus bring that factor outside the

integral sign and write

(n + ni)2 V, po a HpIf + (p + ni)L'-roktHn/f]
/(n + ni)po + (p + ni)'no ]2 - H/f, (3.36)

whereCkH is given by

OL H = (Zpo0 /'po + T no )? 4Hp + (+ no/Zpo +7no)kHn (3.37)

We thus have

SI )f} =~ /f(tno +t po) I e f ER(x) - G(x)] 2 A{R(x) + G(x)3dx

=(F$HeIgr/f (7"no + 2L po)]tanhOeV/2kT] (3.38)

We can now prove Eq.(3.38) in a Hooge - type formulation C 1.

Here we put

SI(+)/1 2 gr = H/fNeff (339)
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But according to Eq.(3.32), Igr = (eNeff/Z)tanh eV/2kIT, so that

Sivf) wo H[eigr/fZltanh eV/2kT, Z= (Z'no +Zpo) (3.40)

in agreement with Eq.(3.33).

We can also prove Eq.(3.38) from the following consideration. We write Ig r =

(NeffAI) tanh eV/2kT, where AI = e/lfluctuates. We then have.

SAI(f)/M 12 =ok H/f or SIM(f) ={ H/f(e/4Z-I (3.41)

so that, since the Neff hole - electron pairs are independent

S i(f) = NeffSAI(f) = (eNeffA1/fOH = [(egr/fZVH]tanh ev/2kT (3.42)

whereOH is given by Eq.(3.37) and C=. (Zno +Cpo).

The last two approaches are easily extended to other cases; the method works

as long as a time constant Z and an Neff can be defined.

We finally evaluatec Hp andd. Hn from quantum i/f noise considerations [2),

[3].

d, Hn =  (4k/ 370(AV2n/c 2 ) = 4cd/3[(2ea(Vdif - V) + 3kT)/m*n 2,- (3.43)

Hp = (4c'/:t -)p/c2| = 4d-/3-n[2e(1 - a)(Vdif - V) + 3kT]/m*pc2 1 (3.44)

and as a consequence (see Eq.(3.37) and

dt H = (4/3TO(E2e(Vdif - V) + 6kT]/[(m*n)1 / 2 + (m*p )1/2 2 c 2  (3.45)

The prcblem has hereby been solved. Note that in Hg1 _CDTe with x = 0.3, m*

= 0.02 m, m~p = 0.55 m, so that [(m*n )1/2 + (rm* p)I/2]2 = 0.7 m, very much larger

than m*n .
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3. Noise in the Surface Recombination Current

The surface recombination currnet is a dark current component originating

from surface states at the interface between the surface passivation layer and

the bulk. The recombination cross sections of these states will exhibit quantum

I/f noise. The quantum I/f noise coefficients( H reilects the velocity change of

carriers involved in this process

OL H = (4/3j?)(2/m*c2)[36T/2 + eU/2 + O.ieVJ, (3.46)

where U is the surface potential jump present between the surface passivation

layer and the bulk even if no gate voltage is applied, and V is the applied gate

voltage which we take with a coefficient less than unity, here for example with a

weight of 0.1.

The calculation of surface recombination quantum i/f noise is similar to the

calculation of quantum i/f noise from recombination in the space cnarge region.

However, in this case the cross sections are not distributed over the width of the

junction, but rather are concentrated at the surface which is caracterized by the

surface potential 4.. Therefore we can write an expression of the form

Sis(f) =0( HeJstanh x /f(Tno +7 po)exp(e9 4 /k7). %3.47)

We note that the fabrication process of MIS structure introduces less bulk

defects than the fabrication of photovoltaic devices. Nevertheless, the

fabrication Of MIS devices introduces some defects in the bulk layer located right

under the surface. These defects will manifest themselves through a contribution

to indirect tunneling.
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4. Quantum i/f Noise in the Tunneling Rate

In the case of tunneling from a surface accumulation layer to the bulk, the

velocity change of the carriers will lead us from the thermal velocity of the

carrier on one side of the barrier to the thermal velocity of a carrier on the other

side of the barrier, if band to band tunneling is considered. If, however, the

tunneling goes via intermediate states located in the bandgap, the velocity is

zero as long as the carrier is staticnary in the intermediate state. We can

therefore write the i/f noise coefficient

of = (4ot/3 )6kT/m c2 (3.48)

for band to band tunneling, and

C= (4o/17)3k1/m*c2 (3.49)

for tunneling via intermediate states in the bandgap, where we have considered

the average squared velocity change two times smaller. The effective mass is the

mass of the minority carriers in the bulk material.

For band to band tunneling from a surface inversion layer to the bulk, the

velocity change of carriers corresponds to an energy difference of the order of

the bandgap Eg plus an energy differnce of the order of the thermal energy Rkr/2,

provided we are dealing with deep inversion, as used in practical MIS devices in

the pulsed mode of operation. This yields the quantum i/f coefficient

oV= (4 /3"(E g + 3kT/2)/m*c 2  (3.50)

for band to band tunneling. For tunneling via intermediate states in the bandgap

the corresponding energy differnce will be smaller, and therefore we replace Eg

by Eg/ 2
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C 4= (4e/3T)(Eg/2 + 3kT/2)m c2 . (3.51)

This relation is applicable both if the intermediate states are located in the

depletion region or at the surface.

In the last four equations we did not divide by the number of carriers

simultaneously involved in the tunneling process, because this number is less

than unity for practical tunneling currents. Whenever a cross section or a

process rate is tested with one electron cr less than one electron at a time, the

effective number of electrons in the denominator of the quantum i/f formula must

be replaced by unity. Let us calculate the average number of carriers

simultaneously present in the tunneling process at any time. The tunneling

process occurs over a distance d = E /eE, and the speed v of the carriers will be

of the order of the thermal speed in the case of an accumulation layer, and of the

order of the bandgap energy in the case of a surface inversion layer. Dividing d

by v, we obtain a tunneling time t = 6,I0-i3s for accumulation layers and t = 3"

10-1s for inversion layers. From Eq. (2.8) we know that the tunneling current is

of the order of i0-A/cm2. Multiplying this by t, we obtain 3 - 6,1016 C, i.e.,

2000 - 3000 electrons/cm2 tunneling simultaneously in a device of i cm"' area. In

a device of dimensions 50 P m x 501kL m = 2.5 10- 5 cm 2 the average number of

carriers in the process of tunneling at any time is therefore 0.05 - 0.075, and this

is indeed much less than unity. Nevertheless, if the area of the device exceeds 5

10 - 4 cm 2 , Eqs. (3.48) - (3.51) require an additional factor e/tJ4A which makes the

noise spectral density proportional-to Jt and A, rather than to the square of

these quantities.

The photoelertric current will reflect the fluctuations in the number of

photons arriving from the radiation background. The quantum efficiency will not

exhibit considerable quantum I/f noise, because the generated carriers will be

corrected with certainty. Therefore the ccllection of photoelectrically generated
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carriers is not controled by any cross section or process rate affected by

considerable quantum 1/f noise. If we neglect the i/f noise generated in the

series resistance of the diode, there should be no photoelectrically generated i/f

noise from a short - circjuted diode.

Since the various dark current fluctuations with I/f spectrum are statistically

independent, the total i/f noise is simoly obtained by summing all contributions.

111.4 1/f NOISE LIMITED PERFORMANCE OF MIS DIODES

From EO. (2.4) we write the total dark current fluctuation in the form

rdd .= 4Jdif efJdep +4Js +,fJtb Jtc +orJtsc + qS(Q'? (4.1)

and the spectral density of current fluctuations will be neglecting X(14),

SJd = SJdif + SJdep + Sjs + SJtb +SJt c + SJtsc. (4.2)

Here we have lumped the recombination current on the back surface Jb together

with the surface recombination (generation) current Js" If we denote all the

corresponding spectral densities of fractional fluctuations by a prime, S'ji =

Sji/Ji we obtain

S'Jd I= (Jdif/Jd)S'dif + (JdeplJdl2S'Jdep + (Js/Jd

+ (Jtb/Jd)2S'Jtb + (Jtc/Jd)2S'Jtc + (Jtsc/Jd)2 S'Jtsc .  (4.3)

This equation was obtained by dividing the previous equation through Jd2 P and

shows that the biggest contribution will not necessarily come from the process

with the highest fractional quantum i/f noise, i. e., with the highest i/f noise

coefficient. The weight of each type of noise is determined by the corresponding

squared current ratio.



The detectivity of infrared detectors is limited in general by three types of

noise: (i) curent noise in the detector, (ii) noise due to background photons (photon

noise), (iii) noise in the electronic system following the detector. We shall

neglect here the background photon noise and the noise in the electronic system.

The detectivity is defined as

D*0,.,, 4) = (A~f)1 /2/NEP(cmHz 1 2 iW) (4.4)

where A is the area of the detector, NE? the noise equivalent power defined as

the r.m.s. optical signal of wavelengh, required to produce r.m.s. noise voltage

(current) equal to the r.m.s. noise voltage (current) in a bandwidthAf, and 4 is the

frequency of modulation. The noise equivalent power NEP is given by

NEP = (hl/q)( SId(f)Af) 1/ 2 . (4.5)

Ther.efore we obtain for the detectivity

D*( (,, 4) = (jqA/hc) CA/Sdf)] 1 / 2 = f'qa/hc) [SJd(f)] - 1/ 2 (4.6)

We notice that D*(?, f) is proportional to X% up to the peak wavelength . For , >X,

we haven = 0 and thus D*(-A, f) = 0. By substituting our result for SJd, we

obtain the general expression of the detectivity as a function of various

parameters of the MIS device.

Let us now evaluate the magnitude of the various dark current noise

contributions. With mh* = 0.55 mo, mn* = 0.02 m o tn = i0-6s, Eg = 0.1 eV, 3kT/2

= 0.01 eV, Nsf = 10 1 2 /Vcm 2 , we obtain for a p - typedevice wtk w, >> L

S'Jdiff = (Hnd +Hnr) [ e/f'+nJdiff ] F(a) =d'coh(e 1 / 2 /[f(RT/zt)O 1 / 2 N P ] , F(a)/a

= (4.6 10- 3 /4fN ) 4-10- 1 0 : 1 / 2 /[10-6s I.5.0 5 (cm 2 /Vs) 4-02 1 j]I/ 2

= i.06cm/f, [or = 10- cm /f, with 0( = 2'10 - 5 for incoherent noise] (4.7)

S'Jdep = [dHee!firno +'1 po)Jdep3tanh eV/2kT

eno P0 dlp



= Hee/feAwn(eVi2T)]eV/2kT =4He/fAwni = 4.6 10- 9 cm 2 /f (4.0)

S'rs -(40/3)(2/m*&)t3kT/2 + eU/2 + 0,tVeJ Ee tanhx /ffno +'rp)JsJ

(4-4/37M02)(2/500000)[0.025 + 0.5 + 0.5) [e tanhx /feAwni(eeV/ 2 ( - D3

-7 10-8 cm 2 /f (4.9)

S'Jtb = (44/371(Eg + 3kT'/2)/m~c2 = (4/9.5 137 0.02)(O.1t/500000)

= 3.3 10 3 cm 2 /f (4.10)

Sjt c = (4X/3T)(Eg + 3kT)/2mc 2 = (4/9.5 137 0.02)(0,t2/106)

= 1.8 IO-'3cm2/f = StJtsc (4.11)

S'Jdiff was calculated in the small bias limit forp >>L, but wp 0.25 L gives the

same result; the incoherent case with a lattice constant of 0.65 nm and 0 - 320 K

was also listed above (because a I0./Ln thick device is very short, so it may be

applicable), and would give 1.3 10- 1 0cm 2 /f for a n - type device. Eqs. (4.8) -

(4.11) would be reduced only mp/m = 27.5 times for n - type devices. Je mention

that S'js has been calculated with the inclusion of a term of 10% of the applied

gate voltage V into the kinetic energy of the carriers at the surface, and that for

the back surface recombinaiton current this term has to be dropped in the similar

expression of S'Jb. However, we have neglected this here, because the surface

recombination terms will not turn out to be important, as we will see below. The

applied gate voltage was taken to be V = 5 V. Using Eq. (4.3) and the current

densities evaluated in Eqs. (4.10) - (4.14) to calculate the fraction of each

current, we obtain

1 cm- 2 f S'j(f) = (20/132)2 1.3 10-6 + (i0/132) 2 4.6 10 - 9 + (3.6/132)2 7 10- 8 +

(0.01/132)2 3.3 10 - 8 + (8,0/132)2 1.3 10- 8 + (17.5/132)2 1.. 10- 8

= 3.67 10 - 9 + 2.6 10- 1 1 + 5.2 10- 11 + j.9 10-16 + 6.61 10- 9 + 3.17 10 - 1 0

= 4.37 10 - 8, or for incoherent I/f noise, 7.1 10- 9 (p) and 3 0- 10 (n). (4.12)



This value can be used in order to estimate the detectivity of the device in our

example. Substituting into Eq. (4.6), we obtain with a quantum efficiency t = 0.7

and wavelength of 10Iom

D*(-, f) = (1q;/hc) ESJd(f)]- 1 /2 = [0.7I.6I0 1 9 C 10- 5 m/(6.6*10- 3 4 js 3*

108 m/s)] Ef/(4.37"10-scm2 i.74'10-6A2 /cm 4 )] I / 2 = 2107 (cm Hz 1 / 2 /w) fl/ 2 or

for incoherent i/f noise, 5"10 7 (p), and 2.5 108 (n). (4.13)

In conclusion we note that for the relatively large devices which we have

considered, most of the quantum if noise comes from fluctuations in diffusion

and in the tunneling rate via impurity centers in the.bandgap. The effective mass

of the carriers is present in the denominator of all quantum i/f noise

contributions except the coherent quantum 1/f fluctuation present in the

diffusion current of large devices. In smaller devices the diffusion current will

also be g,.ven by the conventional quantum I if formula which contains the

effective mass of the carriers in the denominator. For umklapp scattering the

mass of the carriers in the denominator is even squared. Consequently we expect

lower quantum I/f noise from n - type devices, in which the minority carriers are

holes, particularly if the devices are very small, e.g., below 10m.

111.5 DISCUSSION AND RECOMMENDATIONS

The transition from coherent state quantum i/f noise to conventional quantum

1/f noise is particularly interesting, and should be studied experimentally. This

is possible with a sequence of devices of smaller and smaller size, and will show

a consideralble change in noise at a size of the order of 10Am2 . The theory of

the transition is not yet well developed. Therefore, this experiment has

particular importance; we do not know if the parameter s is sufficient to



characterize the transission, and if the parameter s should not be replaced by a

power of s, or by any other function of s. The interpolation formula used here is

just a guess, or a speculation guided by the physical understanding of coherent

quantum 1/f noise as a collective-field effect, and of conventional quantum I/f

noise as an effect which is not based on the collective field state of the

particles, but arises from the individual field of each carrier.

The most interesting component of the recombination current is the surface

recombination current which plays a major role in the case of infrared detectors

with pn junctions. In the case of MIS devices this role is not so important, as our

calculation shows. Nevertheless, one should try to reduce both the concentration

of recombination centers and the value of the surface potential jump U. This can

be accomplished with careful surface treatment, and with a good passivation

layer. SiO2 layers have been successfully used by Radford and Jones in

ion-implanted and double - l,.yer epitaxial HgCdTe photodiodes1 3 .

In general the larger life time of the carriers in MIS devices, compared to

junction devices is due to the absence of the damage inflicted by ion -

implantation, or by the heavy doping required in double - layer epitaxial

photodiodes. The quantum 1/f noise is invesely proportional to this life time.

Therefore, MIS devices should have lower iff noise. On the other hand, 1/f noise

present in the applied gate voltage, in the timing of the readout and the value of

the readout potential will be added as a i/f noise source, if it is present. In the

present calculation, however, this noise source has not been included.

Any reduction in the concentration of tunneling centers present in the bandgap

will have a positive effect on quantum I/f noise. As we have seen in Sec. II1 p -

type devices should yield less tunneling via bandgap centers. The effective mass

present in the denominator of the quantum if/f noise formula in this case should

just be the effective mass of the carriers after the tunneling process, i.e., the



effective mass of the outgoing carriers emerging from the process we have

considered, or the effective mass of the carriers coming in to the process of

tunneling toward the centers in the bandgap. Here we have considered the

tunneling process as the slower process which actually controls the rate of

tunneling via bandgap states. The capture of carriers by the bandgap states is

the second part of this compound process and has been considered fast enough, so

that it does not limit the rate of the total process. In general, however, both

parts of the process have to be considered as a limitation on the rate, and in this

case our noise formulae have to be revised through the inclusion of an additional

term similar to the recombination noise term.

In the case of very small MIS devices, where only conventional quantum i /f

noise should be present, we may find lower noise in the n - type devices, whose

bulk minority carriers are holes with much larger effective masses than the

electrons. This may happen in spite of the larger tunneling via bandgap centers

located right under the surface of these devices.

Finally, we would like to empahsize that the present study has attempted to

explain the basic concepts of quantum I/f noise and to illustrate their application

to MIS infrared detectors. Although we have tried to pursue the calculation all

the way to the evaluation of the detectivity, the data which we used in the

calculation may not be applicable in the practical case at hand, and may have to be

replaced with pertinent data in any concrete case.

The author would like to acknowledge the help of M. Belasco, M. Kinch, E. Kelso

and R. Balcerak in many discussions on MIS devices and their noise problems.
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